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Abstract 
At present, research in c-Si solar cells is focused on increasing the efficiency while reducing the amount of used materials. Since 
silicon wafer and metal contribute up to 50% to the cost of a module, it is crucial to reduce the amount of these materials to 
fabricate cost-effective modules. In particular, for reducing the consumption of metal, the rear back contact can be patterned 
leaving ample metal-free regions that are well passivated. This is the concept of open-rear-metallization, typically found in solar 
cell concepts such as n-Pasha. In this contribution we compare a Distributed Bragg Reflector (DBR), white paint and white foil 
as cost-effective back reflectors for rear diffused c-Si solar cells. 
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1. Introduction 
It has been shown that silicon wafer and metal contribute up to 50% of the total fabrication costs of a PV module [0]. 
An obvious way to decrease the costs related to employed materials is minimizing their use. However, less silicon 
absorber material results in a reduced absorption of light in silicon. In addition to such incomplete photon absorption, the 
major optical losses in c-Si solar cells are the front reflection and parasitic absorption in the back metal reflector. In order 
to enhance the conversion efficiency, light trapping schemes are applied to minimize these optical losses. A typical light 
trapping scheme in industrial state-of-the-art c-Si solar cells consists of: (i) randomly roughened front and rear surfaces for 
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light scattering, (ii) anti-reflection coating (ARC) [0] for enhancing the light in-coupling at the front side and (iii) 
aluminium as back reflector (BR). Internal back reflectance of the standard evaporated Al back reflectors on Si is around 
80%, while back reflectance larger than 90% can be achieved by using the more expensive Ag together with a thick oxide 
layer between the Si and the BR [0]. This means that in such optimal case, at least 10% of the light reaching the back side 
of the solar cell is absorbed in the BR. Alternatively, metal-free BRs could be used in solar cell concepts like n-Pasha [0], 
where the rear metallic back contact can be patterned leaving ample regions coated by the passivation layer. In this 
work we present the design and fabrication of three efficient, metal-free and cost-effective BRs applied in an open rear-
metallization configuration. In particular, we propose the usage of an omni-directional dielectric Distributed Bragg 
Reflector (DBR) [0,0], TiO2 particles used as white paint (WP) [0] and white foil (WF) Trosifol R40 Ultra White [0] in the 
role of perfect mirror for rear diffused c-Si solar cells. Moreover, in this work we focused on the comparison of measured 
optical performances reflectance (R), transmittance (T) and absorptance (A) for the three presented BRs. 
 
 
Fig. 1. First omni-directionality condition: n0’ > n0 [0]. Light blue lines on the contour plot are iso-value curves indicating the refractive index of 
the incident medium (n0) on top of the DBR. Inserting a SiO2 layer (n0 = nSiO2(1000 nm) = 1.5) between the bulk c-Si and the DBR allows for the use 
of existing non-absorbing materials at λB = 1000 nm like a-SiNx:H (nL(1000 nm) = 1.76, da-SiNx:H = 146 nm) and a-Si:H (nH (1000 nm) = 3.61, da-SiN:H = 69 
nm).  
2. Design of omni-direction DBR
A DBR is formed by pairs of alternating dielectric layers with refractive index mismatch. Such multi-layer stack 
delivers high reflectance in a certain wavelength range around the so-called Bragg wavelength (λB). The most stringent 
requirement for a DBR to be used as BR is to achieve the highest internal back reflectance (Rb = 1) in the wavelength 
range of weak absorption of c-Si and independently from the angle of incidence and the polarization of light. These two 
conditions have to be fulfilled to achieve the so-called omni-directional behaviour [0].  The first condition of omni-
directionality is met if: 
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where n0 is the refractive index of the incident medium and nH (nL) is the high (low) refract ive index of each 
material constituting the DBR couple. To verify equation 1 for a DBR - n0’=f (nL,nH) - having bulk c-Si as incident 
medium (n0) (see yellow area in Fig. 1), non-absorbing materials with h igh nL and nH refractive indexes at λB = 1000 
nm are required. Instead, inserting a SiO2 layer (n0 = nSiO2(1000 nm) = 1.5) between the bulk c -Si and the DBR allows 
for the use of existing non-absorbing materials at λB = 1000 nm like a-SiNx:H (nL(1000 nm) = 1.76)  and a-Si:H (nH (1000 
nm) = 3.61). Using optical modelling  based on 3-D finite element method [0], we simulated the optical system 
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presented in figure 2a and we determined the minimum number of a-Si:H / a-SiNx:H pairs and the individual layer 
thicknesses that resulted in Rb = 1 and verified the omni-directional behaviour o f our dielectric DBR. As reported in  
Fig. 2b this was achieved by using six pairs of a-Si:H / a-SiNx:H  with respective thicknesses of 69 nm and 145 nm. 
 
 
Fig. 2. (a) Simulated structure and (b) calculated internal reflectance for different angles of incidence and for P-polarization and S-polarization. 
The shaded area represents the omni-directional photonic band-gap (second omni-directionality condition). The white horizontal solid and dashed 
curves are the angle dependent photonic band edges (λL and λR) and the Bragg wavelength, respectively. In the P-polarization panel, the vertical 
dash-dotted line locates the Brewster angle of the optical system. 
3. Fabrication of back reflectors 
Float Zone (FZ) p-type wafers with resistivity 1-to-5 Ω-cm and thickness around 285 μm were used as absorber 
material. The wafers were textured on both sides in an alkaline bath based on TMAH and IPA. After texturing, a 75-
nm thick SiN layer was deposited on both sides of the wafers v ia Plas ma Enhanced Chemical Vapour Deposition 
(PE-CVD). In addition, for all fabricated samples an additional 75-nm thick layer of SiO2 deposited via PE-CVD 
was deposited at the back side (see Fig. 3a). As shown in the previous section, this layer is necessary in case of DBR 
BR to  fulfill the first condition of omni-d irectionality. However, in o rder to have a fair comparison between all BRs 
we deposited this layer for all configurations of BRs. 
(a) 
 
 
(b) 
 
 
(c) 
 
 
 
Fig. 3. (a) Schematic structure of the fabricated samples prior the deposition of the BR (b) White paint drop casted or (c) PDMS + WF applied at 
the back side of textured sample with SiN / SiO2 stack as illustrated in (a). 
(a)
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An Elettrorava cluster tool was used to deposit the 6 pairs of a-Si:H /  a-SiNx:H constituting the DBR with 
modeled thicknesses of 69 and 145 nm, respectively. In Fig. 4, scanning electron microscopy (SEM) images of the 
deposited DBRs are presented. The SEM images also report the directions orthogonal to the pyramid facet (X-
direction) and parallel to PE-CVD direct ion growth (Y-direction). Fig. 4a shows the cross-sectional SEM of the 
designed DBR (called DBR 1) deposited on a polished surface. The image clearly shows the 6 pairs of a-Si:H / a-
SiNx:H with thicknesses of 68 and 162 nm respectively. The same DBR was co-deposited on alkaline textured surface  
(see Fig. 4b). As such figure clearly shows, the thicknesses of the individual layers in Y-direction are very close to 
the one deposited on flat surface, while in X-direction they are scaled of a geometrical factor with respect to Y-
direction. The factor is equal to 1.7 and can be calculated as 1/sin(90-θ), where θ = 54.7º in case of alkaline random 
texturing (see definit ion of θ in Fig. 4c). Therefore, in order to achieve the desired thicknesses of a-Si:H / a-SiNx:H in  
X-direction for alkaline textured surfaces, we increased the deposition time by the same geometrical factor. Th is led  
to the so-called DBR 2, whose layer thicknesses in Y-(X-)d irect ion of a-Si:H and a-SiNx:H measured around 300 nm 
(181 nm) and 120 nm (73 nm) (see Fig. 4c and Fig. 4d). These thicknesses are compatible with modeled ones within  
the acceptable deposition dis-uniformity [0]. For the application of WP at back side of the sample sketched in Fig. 
3a, we drop casted TiO2 part icles mixed  in H2O with ratio 1:10 followed by drying in air for 12 hours [0] (see Fig. 3b). 
In particular, a thickness larger than 50 μm was found to be sufficient to ensure a T < 5 % at 1200 nm [0]. Finally, 
polydimethylsiloxane (PDMS) was used to encapsulate the WF (see Fig. 3c) at the back side of the textured sample 
sketched in Fig. 3a. 
 
 
Fig. 4. Cross sectional SEM of DBR 1 deposited on flat and textured surfaces (a) and (b). X and Y axis indicates the directions orthogonal to the 
pyramid facet and parallel to the PECVD deposition growth, respectively. In order to achieve the desired layer thicknesses of 69 nm (a-Si:H) and 
145 nm (a-SiNx:H) on textured surfaces (c) deposition time was increased of a factor equal to 1.7. The DBR 2 deposited on flat surfaces is shown 
in (d). 
4. Results and discussion 
An integrating sphere (IS) mounted on a Perkin-Elmer spectrophotometer was used to measure R and T in the 
wavelength between 350 and 1200 nm. Total absorption was calculated as 1-R-T. This quantity equals the 
absorptance in Si (ASi) (including parasitic  absorption of SiN between 350 and 400 nm) for all BRs except in case of 
WF BR, which shows parasitic absorption in the NIR (A WF). Therefore, in case of the WF BR sample, an analytical  
model was deployed to calculate ASi from the measured R [0]. In order to confirm the validation of the optical 
simulations, we applied  the SiO2 / DBR 1 (see Fig. 4 (a)) of section 2 as BR of a double side polished (DSP) wafer. 
As Fig. 5 depicts, the simulated DBR when applied on  a DSP wafer is ab le to deliver a R of 100% and a T equal to 
0% for wavelength longer than 1000 nm (weak absorption range for silicon) as expected from optical simulations . 
Fig. 6 and Fig. 7 (a) and (b) depict the measured spectra (R, ASi, T and AWF) presented in this work. As expected, the 
BR only  influences the near infrared  (NIR) spectra of ASi. The WF leads to the poorest ASi  response in the NIR due 
to its high parasitic absorption as illustrated in the inset of Fig. 7 (a) and (b). A comparable ASi spectrum was 
achieved by using the DBR 1, optimized for flat surfaces, as BR as reported in Fig. 5. On  the contrary to the WF 
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Fig. 5. ASi, R,T   measured for a DSP sample with SiO2 (100 nm) / DBR 1 stack (see Fig. 4 (a))  in the wavelength range between 350 and 1200 
nm. 
which showed T = 0 in the region of weak Si absorption, the major optical loss of the DBR 1 is related to 
transmittance. As already discussed in the previous section, this DBR is not optimized for textured surfaces. 
Transmittance losses of the DBR were reduced by 50% increasing the deposition time of a factor 1.7 (DBR 2) see 
section 3. This led to a clear enhancement of the ASi in the NIR response when compared to DBR1 and WF. Finally, 
the WP BR shows T around 3% at 1200 nm (see Fig. 7 (a) and (b)), leading to the highest ASi in the NIR reg ion (see 
Fig. 6). One can notice that even though the T decreases from 14% to 3% at 1150 nm when switching from DBR 2 
to WP, the ASi at 1150 nm decreases only from 43% to 39 %.  
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Fig. 6. (a) ASi and R measured for all BRs investigated in the wavelength range between 350 and 1200 nm. (b) Detail of ASi and R measured for 
all BRs investigated in the wavelength range between 1000 and 1200 nm. Both DBR 1 and WF show poor ASi in the NIR region due to high T 
and high AWF, respectively. Improved ASi in the NIR was achieved instead by using WP or DBR 2.    
 
Wavelength [nm]
1000 1100 1200
A S
i , 
R 
[-]
0.0
0.2
0.4
0.6
0.8
1.0
Wavelength [nm]
400 600 800 1000 1200
A S
i , 
R 
[-]
0.0
0.2
0.4
0.6
0.8
1.0
WP
DBR 1
WF
DBR 2
R
ASi
 Andrea Ingenito et al. /  Energy Procedia  55 ( 2014 )  94 – 100 99
 
To conclude, in Fig. 8 we report the implied photo-generated current density (i-JPH) calculated by integrating the 
product of the photon flux of the AM 1.5 (ΦAM 1.5) spectrum and ASi of each BR in the wavelength range between 
350 and 1200 nm according to the following equation:  
 
                  )d(Φ)(AqJ-i
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Finally, i-JPH higher than 42.5 mA/cm2 was achieved in case of DBR 2. In part icular, a  difference of only +0.1 
mA/cm2 i-JPH was observed between WP and DBR 2. Such s mall difference derives from the low value of the 
absorption coefficient of Si in the region of weak absorption.      
 
5. Conclusions 
In this work we designed and implemented four BRs suitable for open rear diffused c-Si solar cells. For DBR 
deposited via PE-CVD technique deposition time needs to be increase of a factor 1.7 in order to achieve the desired  
thicknesses in the direction orthogonal to the pyramids facets. By increasing the deposition time used for DBR 1 and 
DBR 2 the measured rear-side transmittance decreased by 50%. However, transmittance losses still amounted to 
approximately 23% at a  wavelength of 1200 nm. Therefore, further investigations using ray tracing optical simulator 
are required to optimize the design of DBR for textured surfaces. Ult ra-white foil from Trosifol showed 
considerable absorption in the NIR reg ion, which makes it not an optimal choice as BR for open rear diffused c-Si 
solar cells. WP drop casted showed the lowest optical losses leading to the highest silicon absorption in the NIR 
region. Despite the better optical performance of the WP with respect to the DBR, to our knowledge, tools fo r mass 
production are not readily availab le. On the other hand, tools for the deposition of a-Si:H and a-SiNx:H for large scale 
application are already used by silicon photovoltaic industry.  
 
 
  
Fig. 7. T  measured for all BRs investigated in the wavelength range 
between 350 and 1200 nm. The inset shows the calculated absorption 
in the WF (AWF) applied at back side of the sample in Fig. 3c as 
function of the wavelength. 
Fig. 8. Implied photo-generated current density (i-JPH) calculated by 
integrating the product of the AM 1.5 spectrum and the measured 
absorptances in the wavelength range between 350 and 1200 nm. i-JPH 
higher than 42.5 mA / cm2 where achieved in case of DBR2 and WP 
BRs. 
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